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This paper  presents  a novel  micro-gripper  design  with  the dual  functions  of  manipulation  and  force
sensing.  The  device  consists  of two  parallel  plates,  each  mounted  on  torsion  bars,  which  can  be made
to  rotate  towards  or away  from  each  other  by use of  a pneumatically-  or hydraulically-actuated  elastic
membrane.  The  plates  can  be conveniently  fabricated  using  photo-etching  and  the  design  allows  for  a
range of  ratios  between  actuation  pressure  and  tip  opening  displacement  and force.  The  elastic  gripping
tips  can  be designed  to  provide  sufﬁcient  compliance  that  their  strain  can  be used  to  monitor  and  control
the  gripping  force.  An  exemplar  device  has  been  fabricated  and  its  behaviour  characterised  by a  series  ofneumatic
icromanipulation
inite element analysis
actile sensing
mechanical  measurements  of  force  and  displacement.  These  measurements  have  been  rationalised  using
a simple  analytical  model,  backed  up  with  ﬁnite  element  analysis  to emphasise  the  design  variables
and  scalability.  This  exemplar  device,  with  a maximum  tip  opening  amplitude  of 1  mm  and  maximum
force  output  of  50 mN,  has  also been  demonstrated  to  perform  pick-and-place  operations  with  200  m
micro-beads.
ublis© 2015  The  Authors.  P
. Introduction
The rapid evolution in the biological sciences has led to an
ncreased requirement for manipulating entities at the micro- and
ano-scale. In general, manipulating biological objects such as
ingle cells, micro-beads or even embryos can be classiﬁed into
ontact and non-contact techniques. The non-contact techniques
re mainly optically-based [1–4], where a highly focused laser
eam is used to trap and move a biological micro-object. Although
he performance of such techniques is satisfactory, sophisticated
nd expensive optical setups are required [5] and the exposure
o optical radiation may  have long term negative effects on the
anipulated micro-objects [6].
Micro-pipettes and grippers are the most commonly used con-
act techniques for manipulating biological micro-objects. Pipettes
se a negative pressure applied through a nozzle but, despite its
apability to manipulate single cells, this technique requires a
ighly skilled user to achieve the manipulation without damage
o the cells as it is not possible to very accurately control the forces
 Selected papers presented at EUROSENSORS 2014, the XXVIII edition of the
onference series, Brescia, Italy, September 7–10, 2014.
∗ Corresponding author. Tel.: +44 1314518165.
E-mail address: w.shu@hw.ac.uk (W.  Shu).
ttp://dx.doi.org/10.1016/j.sna.2015.06.032
924-4247/© 2015 The Authors. Published by Elsevier B.V. This is an open access article uhed  by Elsevier  B.V. This  is  an open  access  article  under  the  CC BY  license
(http://creativecommons.org/licenses/by/4.0/).
acting on the object being manipulated. Furthermore, pipettes have
limited versatility and, if cells are smaller than the opening of the
pipette nozzle, several can be drawn into the pipette rather than
isolating just one [7]. Micro-grippers show much greater versatil-
ity to manipulate a range of object sizes and also the possibility
of controlling and measuring the forces acting on the gripped
objects.
Micro-grippers are complex micro-electro-mechanical-systems
(MEMS) [8] and can be categorized according to their actuation
mechanism: electrostatic, shape memory alloy (SMA), magnetic or
piezoelectric, each of which has its advantages and disadvantages.
Electrostatic actuation generates a satisfactory amount of output
force [9] but is difﬁcult to operate in ion-rich liquids (e.g. body ﬂuids
[10]). SMA  actuators, while producing a high force and displace-
ment, are problematic in liquid environments due to the heat loss
associated with the high surface-to-volume ratio of microdevices
which may  damage the biological surroundings [10]. Furthermore,
the displacements of SMAs are hard to control because of their ther-
momechanical nonlinearities [11]. Piezoelectric actuation offers
high speed and good motion resolution [12] but actuation dis-
placements are limited [13] and the required applied voltages can
damage biological systems. Due to the disadvantageous scaling of
magnetic ﬁelds, magnetic microactuators have low force output
and their performance is also limited because of thermal dissipa-
tion by the conductive materials and the possibility of signiﬁcant
nder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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sFig. 1. Schematic drawings of working principle of the gr
lectrical leakage currents. Also, magnetic ﬁelds can pose problems
n the biological environments [14].
Fluidic microactuators, with their high force and power densi-
ies, have been widely advocated for manipulating precise amounts
f liquid within microﬂuidic and micro total analysis systems
TAS) [15,16]. The actuation can be either pneumatic or hydraulic,
nd can therefore operate in liquid environments for biologi-
al cell manipulation [17–19]. Although there are relatively few
tudies of this type of actuator it has been demonstrated that
neumatic actuators have the potential to produce some of the
ighest force and power densities of actuation options at the
icroscale [15]. High performance pneumatic micro-gripper can
e fabricated using micro-stereolithography [20] or laser cutting
21]. Despite the advantages of this type of actuator, designs typi-
ally require complex 3-dimensional fabrication or 3-dimensional
ssembly techniques and hence limited the possibility for large-
cale production. This paper reports the design of a micro-gripper
ith a simple method of manufacture and assembly that has
he potential to scale to the level of manipulating a single
iological cell. The main design challenge is to achieve accu-
ate control over the opening and closing states of the gripper,
long with the gripping forces, which has been addressed by
 compliant gripper design offering the opportunity for force
eedback and two-way actuation allowing opening and closing
ctions.
.1. Micro-gripper design and fabrication
The micro-gripper described here is pneumatically actuated and
s designed to be operated in a range of environments, including
ir and liquid, at a range of scales. It comprises two main parts;
he actuation mechanism and the ﬂexible gripper arms (Fig. 1a
nd b). The actuator is essentially a ﬂexible membrane that applies
orce to the gripper pad when the air inlet is pressurised. The grip-
er plate was cut from stainless steel sheet (50 m in thickness,
oodfellow UK Ltd) using a photo-etching technology to give an
uter envelope, which was sandwiched between two  PMMA  (poly
ethyl methacrylate) layers. When pressure is applied to the pad,
he arms pivot around a torsional spring consisting of a bar-shaped
igament of the gripper plate. The arms themselves are designed
o be ﬂexible so that the gripping force can, in principle, be mon-
tored by measuring the strain at the pivot end of the arm or the
lope at its free end. The design can be operated with two armsdevice (a–c), and picture of assembled micro-gripper (d).
closing together when actuated (as shown in Fig. 1c) or with one
arm bearing onto either a ﬁxed plate or a sample surface (as shown
in Fig. 1c). It can also be actuated in the reverse direction so that the
jaws are opened by actuators on the opposite sides of the gripper
plates using the spring force and compliance of the arms to offer the
gripping force, limited, if necessary, by the air pressure. The whole
design is scalable by controlling the dimensions of the components
of the gripper, in particular the arms and torsion bars.
This micro-gripper is assembled with multilayers (in Fig. 2) of
thin PMMA  sheet (200 m in thickness, EMKAY Plastics Ltd), elastic
silicone membrane (50 m in thickness) and double-sided adhe-
sive sheet (50 m,  3 M UK Plc), which are fabricated using a CO2
laser system [22]. This device is assembled by coating the PMMA
with double sided adhesive and then laser cutting the layers. These
layers are then manipulated by tweezers into the correct position.
The whole device is then covered in laminate ﬁlm and heated to
ensure no chance of leaks. The assembly of this device is a sim-
ple and cost effective method of manufacture of a micro-gripper,
the use of layers also lends itself to large scale production, Fig. 3,
and additional layers can offer further actuation options, such as
channels for gripper closing.
2. Performance of prototype device
To validate the above-mentioned design principles, a prototype
device was realised in 50 m thick stainless steel sheet with a pad
diameter of 2 mm,  arms of length 3 mm and breadth 0.45 mm,  and
torsion bars of breadth 0.3 mm and length 0.625 mm.  The perfor-
mance of the device was  evaluated using two  tests; a dynamic test
where the feed air pressure was  pulsed at a range of frequencies
and pressures and the tip displacement with no loading was  mea-
sured, and a static test where the input pressure and output load
were measured.
For the dynamic test, an optical sensor was  used to obtain the
deﬂection at the cantilever tip using a similar approach to an AFM
where a laser beam at a ﬁxed angle is reﬂected from the end of the
cantilever and the position of the spot on a photodetector recorded,
Fig. 4(a). The deﬂection was  calculated from the voltage of the laser
using the geometry of the experimental setup [24]. Deﬂection data
were acquired using a LabView control interface at a rate of 300
samples per second for a record length of around 20 cycles (e.g.
Fig. 4(b)) whilst the pressure was  pulsed from zero to 1, 2, 3, 4, and
5 bar at frequencies of 1, 2, 4, 8, 20, 50, 100, and 300 Hz. However,
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The relation between the deﬂection of the micro-gripper pad
nd micro-gripper tip is an important design consideration since it
nforms the torsional stiffness of the pivot bars as well as the tip
ensitivity to gripping force. This relation was measured using a
odiﬁcation of the dynamic set-up shown in Fig. 4(a), where the
eﬂection of the pad and the tip were measured in separate exper-
ments for pressure pulses to 0.17, 0.35, 0.56 and 0.76 bar, all at a
requency of 1 Hz. Fig. 5 shows the mean and standard deviation of
he amplitudes of tip displacement and pad displacement for each
f the pressures plotted against each other.
For the static tests, a digital balance with read-out up to four dec-
mal places (in grammes) was used to measure the force generated
t the tip of the cantilever. The tip was brought into contact with
 1.5 mm diameter metallic ball mounted on a lightweight conical
older as shown schematically in Fig. 6(a).
The pressure in the feed line was then increased incrementally
o 5 bar, recording the output force at approximately 0.2, 0.3, 0.4, 0.5
nd 1 bar, and thereafter at 1 bar intervals. The results are shown in
ig. 6(b) for forward and reverse increments of pressure up to 5 bar
sing two dwell times (10 s and 30 s) before the force was recorded.
he same procedure was used to determine the input force for a
Fig. 3. Array of photo etched microly steps.
given pressure by applying the membrane directly to the metal
ball and recording the force at the same increments of pressure.
Fig. 6(c) shows the relationship between the input force as deﬁned
by the input pressure and the output force, determined from the
mass exerted on the balance, for each of the pressure increments.
3. Analytical model
In order to select appropriate dimensions for a tactile gripper of
the type presented, it is useful to have a simple analytical model for
the stiffnesses of its key parts. Fig. 7 shows a simpliﬁed mechanical
model of the gripper pad-arm plate, with the input force, the output
reaction and the torsional springs (Fig. 8).
When the cantilever tip is not in contact with an object
(Routput = 0), the input force determines the reaction torque:
T = 2.35Finput,
for an input force in N and torque in N mm.  For small displacements,
the angular displacement at the bars can be written in terms of the
dimensions of the plate:
 = TL
KG
= 0.841Finput
-grippers (scale bar 15 mm).
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here L is the length of the cantilever, G is the shear modulus and
he torsion constant of the bars: = ab3
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ig. 5. Relation between measured pad and tip deﬂections for pressure pulse ampli-
udes between 0.1 and 0.75 bar.ptical sensor, (c) amplitude of tip displacement as frequency is varied for different
and 2a and 2b are the short and long dimensions of the torsion bar
cross-sections.
The expected tip displacement for a given angle is
ıarm = larmtan = larmtan(0.841Finput) mm and, for a simple tor-
sion pivot (i.e. no bending), the displacements at the pad and at
the cantilever tip for a given angle (i.e. a given pressure) might
therefore be expected to be related ıcantilever,T = lcantileverlpad ıpad,T
As well as causing the above displacements, an input force might
be expected to introduce certain amount of bending in the pad
arm, depending on the torsional spring stiffness, also bending in
the cantilever arm, depending on the reaction force of the gripped
object. To a ﬁrst approximation, the pad itself can be assumed not
to bend so that the bending component of the pad displacement
can be taken as the end deﬂection of a cantilever of length L where
the load plus an additional applied moment Minput = Finput(L − l) is
applied a distance l from the ﬁxed end. The relevant displacements
at the pad are given by ıpad = ıarm + slopearm(L − l), so:
ıpad,b =
1
0.841
tan−1
(
ıcantilever,T
3.15
)
1
EI
[
l3
3
+ l2
(
lpad − l
)
+ l
(
lpad − l
)2]
= 1
0.841
tan−1
(
ıcantilever,T
3.15
)
12
193 × 103 × 0.75 × 0.053[ 3 ]1.2
3
+ 1.22 (2.2 − 1.2) + 1.2 × (2.2 − 1.2)2
= 0.789 tan−1
(
ıcantilever,T
3.15
)
[3.22] = 2.536 tan−1
(
ıcantilever,T
3.15
)
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dig. 6. (a) Schematic test set-up for static loading of cantilever), (b) Measured cantile
sed  in (b) with 30 s dwell time.
Thus, the relationship between pad displacement and tip dis-
lacement for an unloaded tip can be expressed as:
−1
(
ıcantilever
)pad = 0.746ıcantilever + 2.536 tan 3.15 (1)
Fig. 10 shows the mean data from Fig. 6 for measured pad and tip
isplacements for the four increments of pressure. Also, for each of
Fig. 7. Simpliﬁed mechanica (output) force vs. input pressure, (c) Measured input and output forces at pressures
the tip displacements, the corresponding pad displacements have
been calculated, ﬁrst assuming the torsion bars to act merely as piv-
ots (i.e. no torsional stiffness) and, second, taking into account the
stiffness of the torsion bars. As can be seen, the second calculation
is reasonably consistent with the measurements indicating that the
analytical model is sufﬁcient for the purposes of sizing the torsion
bars. A ﬁnite element model of the plate including the outer frame
was also built and this was  loaded using the membrane pressure
l model of cantilever.
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pplied over the surface of the pad, but simulated as a point force
t the centre of the pad (Fig. 9). Fig. 10 shows the resulting pad and
ip displacements for each of the pressures used in the static tests,
longside calculated values of the pad displacement for each of the
imulated tip displacements using Equation (1), showing that, at
his limited range of input pressures the elastic simulation and the
lastic analytical model are in agreement.
Based on this tentative veriﬁcation, the analytical model can
ow be used to assess the input force corresponding to the vari-
us pressure amplitudes seen in Fig. 4(c). However, Fig. 4(c) shows
hat the maximum tip displacement for the unloaded cantilever
epends on actuation frequency at least up to 50 Hz above which
he actuator is probably limited by the supply of air. The frequency
ensitivity is unlikely to be due to a structural resonance (for exam-
le, the natural frequency of the least stiff part of the system, the
antilever, is about 4 kHz) nor is it likely, given the data in Fig. 6(a),
o be due to membrane relaxation or leakage. Figs. 11 and 12
ig. 9. FE model of gripper plate for assessing pad and tip displacments for a force
pplied at RP.Fig. 10. Simulated pad and tip displacements for pressure loading of the pad at
values shown in Fig. 4. Solid line shows calculated pad displacement (using Equation
(1)) for each of the simulated tip displacements.
show the variation of maximum tip displacement (as voltage out-
put from the photodetector) with input pressure pulse height at
the actuator (data essentially re-plotted from Fig. 4(b)). The curves
are reasonably linear (more so at lower frequencies) and thus an
overall compliance (in mm tip deﬂection per bar) can be deter-
mined for the actuator. This is plotted in Fig. 12 for the whole range
of frequency examined, and it can be seen that the compliance
changes with frequency over the range 0–50 Hz, and little there-
after. This suggests that the dynamic behaviour of the actuator
is affecting the tip displacement and so the most reliable mea-
surement of the system compliance is given by extrapolation to
zero frequency (Fig. 12), i.e. a value of 0.223 mm/bar. Since this
is only around 1% different to the value measured using a fre-
quency of 1 Hz, the pad and tip measurements shown in Fig. 5
are unlikely to have been much affected by the actuator dynamic
response.
The compliance can further be used to determine the input force
corresponding to a given input pressure when the output force,
Routput = 0 using the relationship between input force and cantilever
displacement:
Finput,Routput=0 =
1
0.841
tan−1
(
0.223p
3.15
)
(2)
where the input pressure, p, is in bar. When the cantilever is loaded,
the force system becomes statically indeterminate which makes
an analytical model a bit more tedious and so, for the purposes of
this paper, the analytical relationship between the input pressure
and input force (Equation (2)) was  used in a linear elastic FE sim-
ulation of the gripper plate with a loaded cantilever to calculate
the output force. The results of this simulation are compared with
the measured output forces at 30 s dwell time from the static tests
(Fig. 6(b)), and it can be seen that agreement is good up to a pres-
sure of 1 bar, beyond which the simulated output force is higher
than that measured, the discrepancy increasing with increasing
pressure. The reason for this can be seen in the ﬁnite element elas-
tic stress distribution calculated at 1 bar input pressure shown in
Fig. 13. Notwithstanding the local stresses, it can be seen that the
von Mises stress at the torsion bar end on the input pad arm is
about 800 MPa, whereas that at the ﬁxed ends of the torsion bars
is about 500 MPa, both values prevailing across most of the rel-
evant cross-section. These stresses are beyond the yield stress of
moderately cold-worked stainless steel and well beyond yield for
annealed stainless steel [23], so it is likely that the reduction in
experimental force output is due to the formation of one or more
plastic hinge in the gripper plate. Plastic collapse would invalidate
the relationship between input force and pressure (Equation (2)) so
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hat the simulation would be in error in terms of the input as well as
n terms of the resulting deﬂections. At any rate, Equations (1) and
2) can still be used for design purposes so that dimensions of the
ripper can be chosen to avoid yield using very simple analytical
xpressions (Fig. 14).
The next step for this work is further development of the tac-
ile sensing of micro-objects. Extending the considerations above,
nd assuming no bending, the static stiffness of a gripped linear
lastic object, k, can be obtained (for conceptual design purposes)
y considering the relationship between the angular displace-
ents 1 and 2 with and without, respectively, the object in
lace:
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Without the object:
l1 cos 1 × Fin =
1JG
L
With the object gripped:
l1 cos 2 × Fin =
2JG
L
+ l2 cos 2 × kıobjSo
Finl1 =
1JG
L cos 1
= 2JG
L cos 2
+ l2kıobj
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Fig. 13. Elastic stress analysis for loaded gripper plate with applied pressure of 1 bar.
Fig. 14. Measured and simulated aoutput forces for a range of input pressues (a) range from 0 to 5 bar, (b) range from 0 to 1 bar.
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r
 = JG
Lı l
(
1
cos 
− 2
cos 
)
(3)obj 2 1 2
where l is the perpendicular distance between the cantilever
ip and torsion springs and L is the total length of the tor-
ion springs. Acknowledging the assumptions of its derivation,
Fig. 16. Various pick-and-place arrangements of 200 m zirco
Fig. 17. Amplitude of tip under dynamic actuation, (left) free, (centre) hoators A 236 (2015) 394–404
Equation (3) could be used to measure the static stiffness of a
gripped object provided that the amount of its compression (ıobj)
can be measured and that the angles 1 and 2 can be measured.
Equally the stiffness of a viscoelastic object could be assessed by
recording the amplitude of the cantilever tip whilst grasping an
object at different frequencies.
Once the technique has been validated with gripped elastic and
viscoelastic objects using similar measurements to these reported
here, the next stage is to develop a generic design approach
which allows the necessary measurements to be made at the
input side of the gripper where intervention is easier in real
applications.
4. Device demonstration
A fully-assembled version of the device was  used to demonstrate
the actuator in pick-and-place mode, in air and underwater. The
demonstration consisted of manipulating acid washed zirconium
micro-beads of 200 m diameter (OPS Diagnostics, Lebanon NJ,
USA), for which the exemplar device reported above was  mounted
on an XYZ stage and the micro-beads placed in a petri-dish with a
monitoring camera underneath, as shown in Fig. 15.
The above-mentioned arrangement demonstrated a very satis-
factory performance both in air and under water. Fig. 16 shows the
precision of placement that could be achieved using the proposed
manipulation technique, where 200 m zirconium micro-beads
can be precisely positioned to form either a dotted array (on the
left) or a shape of a smiley face (on the right).
nium micro-beads that are achievable with this design.
lding a hydrogel bead and gripper holding a hydrogel bead (right).
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One way in which the stiffness of gripped micro-objects can
e assessed is to vibrate the cantilever at various frequencies and
ecord the amplitude of the deﬂection of the cantilever. If this is
one for the gripper in air and subsequently with the object gripped,
he quotient of these deﬂections determines the stiffness of the
bject:
R = Aobj
Aair
(4)
This procedure was carried out with a 1 bar actuator pressure,
ripping 400 m hydrogel beads and using frequencies of 1 Hz (A1),
 Hz (A2), 4 Hz (A3) and 10 Hz (A4). The results, shown in Fig. 17
learly indicate that there is a reduction in tip amplitude for the
ripped bead at each frequency. The results further show that the
mplitude change is different at each frequency and, furthermore,
hat there are changes in amplitude with time at a given frequency.
his is probably due to a combination of dynamic effects within
he actuator-membrane system, as well as in the response of the
ydrogel bead. These matters are not pursued in the current paper,
ut will inform future work using devices of this type.
. Conclusions
This work demonstrates a pneumatically actuated micro-
ripper that has the ability to pick and place micron-sized objects
ith the potential to provide tactile feedback. The pneumatic
icro-actuator can have its pressure-force relationship measured
nd controlled in both static and dynamic modes with a simple set
p. The two stainless steel gripper arms can be fabricated using
ow-cost, scalable photo-etching manufacturing technique with a
ange of dimensions, allowing this design to be scaled to ﬁt the
hosen application. As the photo-etching manufacturing is a photo-
ithography technique with high precision, it is possible to fabricate
tainless steel based gripper with dimensions smaller than 100 m
or single cell manipulation. The stiffness of the two  torsion bars
an aid in tailoring the use of the gripper with the bars behaving
lmost as a pivot or used to down-regulate the input force (for more
elicate tasks). Besides controlling the input and output forces,
he design of the gripper arms can be tuned in order to provide
 deﬂection of the arms, whose measurement can be used to mea-
ure the gripping force in operation and can potentially be fed back
o control the force or used to assess the gripped object. Besides
he potential use of gripper for manipulating embryos for cloning
pplications, the mechanical micro-tweezers may  provide a new
ay to pick-and-place cell aggregates for biofabricating synthetic
issues [25,26]. Future work will focus on further miniaturization of
he gripper for manipulating smaller objects (e.g. single cells) and
reatment of the gripper surface to overcome potential striction
ssues. Further improvement of the gripper’s tactile sensing may
lso lead to mechanical assessment of biological tissues in vivo.
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